Summary
An Rat fetal growth is retarded when the mother's diet is deficient in protein or energy or both (1) (2) (3) (4) . The extent of this growth retardation varies in different fetal organs the brain showing the least retardation, but even in the brain cell proliferation is impaired in pups of severely undernourished dams (5-7). Moreover, regional differences in growth retardation in the fetal brain have been demonstrated by injecting tritiated thymidine on day 16 of pregnancy and measuring the incorporation of the label into DNA (8) . Brain aminergic neurons are located in particular regions and are involved in a variety of physiological functions. LOIZOU and SALT (9) suggested that progressive increase in monoamine concentration in a developing brain is the consequence of proliferation of axon terminals. Therefore, we examined whether the concentrations of catecholamines and serotonin in different parts of developing rat brain were affected by severe maternal malnutrition. Serotonin (5-HT) and 5-hydroxyindole acetic acid (5-HIAA) in the brain were measured fluorometrically (12) .
EXPERIMENTAL
Tyrosine hydroxylase was assayed radiometrically by the procedure of CROLL et al. (13) involving the conversion of 3H-tyrosine via 3H-DOPA to 3H-DA in the presence of aromatic L-amino acid decarboxylase. The 3H-DA was selectively extracted into 3-heptanone as a complex formed by reaction with Kalignost (sodium tetraphenylborate) and then counted in a scintillation spectrometer.
Nucleic acids in the fetal brain were measured spectrophotometrically (14) . Protein was determined by the method of LOWRY et al. (15) in the solution obtained by hydrolysis with 0.3N KOH during nucleic acid determination. Free amino acids in the fetal brain and maternal plasma were determined with an automatic amino acid analyzer.
RESULTS
Food intake and change in body weight Table 1 shows the total food intakes and changes in body weight of animals killed on day 22 of gestation. Data on animals killed on days 18 and 20 are not included, because they were similar to those for rats killed on day 22. Animals fed on 20% and 6% casein diets ad libitum ate totals of 360g and 326g of diet and gained 139g and 74g body weight, respectively. On the contrary, rats receiving a protein free diet consumed only 150g of food and lost 9g body weight.
Reproductive performance
The reproductive performances of normal and malnourished pregnant rats in late pregnancy are shown in Table 2 . Fetuses from dams receiving a 6% or 0% casein diet weighed less than those in the control group, growth retardation being greatest in the 0% casein group. This retardation of fetal growth by maternal malnutrition became marked in advanced pregnancy. Distribution of radioactivity after injection of labelled norepinephrine into the maternal circulation Radioactive NE was injected into the femoral vein of the dams at term to Protein and nucleic acid contents of fetal brain Table 4 shows the protein and DNA contents of the brain of newborn rats. The total amounts of protein and nucleic acid in both whole brain and regions of the brain of pups in the 6% casein group were comparable to those in the control group, although the protein/DNA ratio was slightly lower in the 6% casein group. However, the total protein, total DNA and protein/DNA ratio of the brain of pups in the 0% casein group were significantly less than those of pups in the other two groups. These results indicate that fetal brain is fairly resistant to maternal protein energy malnutrition, provided the deficiency is not extreme.
Developmental changes in total catecholamine, serotonin and 5-hydroxyindole acetic acid in fetal brain
The total amount of CA in the brain of fetuses from normal dams increased from 21ng on day 18 to 52ng on day 22 of gestation. Similar ontogenetic changes in brain CAs were observed in fetuses of rats receiving a 6% casein diet, but in animals fed on a protein-free diet the levels of brain CAs were low throughout pregnancy. Regardless of the maternal diet, a slight increase in 5-HT and a marked increase in 5-HIAA occurred during late pregnancy (Table 5 ).
Regional changes in norepinephrine, dopamine and tyrosine hydroxylase of fetal rat brain As stated above, the total amounts of whole brain CAs in fetuses from severely malnourished pregnant rats were significantly less than those in fetuses in the 20% and 6% casein groups. Thus, the effects of maternal nutrition on the contents of individual CAs were examined regionally at term, in relation to the activity of tyrosine hydroxylase and the free tyrosine concentration. The results are shown in Tables 6 and 7 . Data on the E were not recorded because its levels were very low.
The NE concentration of normal pups was highest in the brain stem and second highest in the cerebellum. Similar findings were obtained in pups in the 6% casein group. The levels of NE in the forebrain and cerebellum of pups in the two malnourished groups were normal, but the level in the brain stem was about half the control level. The total amounts of NE in different parts of the brain of pups in the 0% casein group were significantly reduced, because the weight of the brain was low in these animals. Severe maternal malnutrition led to significant decreases in both the concentration and total amount of DA in all regions of the brain examined. The levels of DA in the forebrain and brain stem of pups in the 6% casein group did not alter during pregnancy.
There was no significant difference in the tyrosine hydroxylase activities per milligram of tissue in different parts of the brain in the three groups. The total activities in the cerebellum and brain stem were also comparable in the three groups. However, the total enzyme activity in the forebrain was significantly less in pups from severely protein-energy deficient dams than in those for the other two groups.
Free amino acid concentration in maternal plasma and fetal brain
The effects of the diet on the free amino acid concentrations in the maternal plasma and fetal brain are shown in Table 7 . The pattern of free amino acids in the plasma of malnourished rats was normal, except for relative increases in serine and glycine and a decrease in alanine. The plasma levels of individual amino acids in and probably also the uptake of amino acids during the nearly normal development of brain tissue. The concentrations of methionine, branched-chain amino acids, arginine, histidine and tyrosine were especially low.
DISCUSSION
Although fetal brain is highly resistant to maternal malnutrition during pregnancy, development of the brain, as judged by either the number or size of cells and by the incorporation of 3H-thymidine into brain DNA, has been shown to be affected by severe protein-energy deficiency of the dams (6). WINICK et al. (8) showed regional differences in brain growth retardation in pups from mothers receiving a protein-restricted diet: the forebrain was affected slightly, the area adjacent to the third ventricle and subiculum were affected moderately, and the cerebellum and the area adjacent to the lateral ventricle were affected greatly. Neurotransmitter amines in the central nervous system are present in aminergic neurons which are localized in particular regions, and are involved in a variety of physiological functions. Thus, it was of special interest to examine whether the growth of aminergic neurons in fetal brain was affected by maternal nutritional insufficiency. Changes in the monoamine content in developing brain were taken as a parameter of maturation of aminergic neurons. This was justifiable because brain monoamines are endogenous, not of extracephalic origin (16) , and progressive increase in the amine content is associated with proliferation of specific central neurons (9) . BREESE and TRAYLOR (17) and COYLE and HENRY (18) reported that brain NE and DA were detectable a few days before birth (on day 15 of gestation) and that their contents then increased 15-fold during late pregnancy. In the present study, progressive increases in CAs in late pregnancy were observed in the brains of fetuses from mothers fed on a 20% or 6% casein diet, but not in those of fetuses from severely malnourished mothers. Unlike CAs, 5-HT and 5-HIAA in fetal brain increased progressively during development, irrespective of the state of maternal nutrition. This shows that, at least in utero, catecholaminergic neurons were more vulnerable to severe maternal undernourishment than indoleaminergic ones.
Little information has been reported about the effect of the maternal diet on the prenatal levels of brain CAs. STERN et al. (19) examined the ontogenetic development of 5-HT, 5-HIAA and NE in normal and protein-malnourished rats from birth to 300days of age, and found significant increases at birth in the amine levels of pups from malnourished dams receiving an 8% casein diet during pregnancy. On the other hand, RAMANAMURTHY (20) concluded that maternal malnutrition has no effect on the concentrations of 5-HT, DA and NE in fetal brain. SHOEMAKER and WURTMAN (21) studied the combined effects of dietary protein deficiency during pregnancy and lactation on brain NE and DA in the progeny, and found significantly lower levels of NE and DA in 24-day-old pups from malnourished rats. We found that both the concentrations and total amounts of NE and DA in all parts of the brain were normal in progeny of the 6% casein diet group, but low in those of the 0% casein group.
There is some controversy about the correlation between the brain CA content and tyrosine hydroxylase activity. SHOEMAKER and WURTMAN (21) stated that decreased brain NE and DA contents in undernourished progeny did not reflect decreases in activity of the enzymes involved in CA synthesis. On the contrary, other investigators have found a close relationship between the CA content and tyrosine hydroxylase activity. For example, BACOPOULOS and BHATNAGAR (22) obtained significant correlations between tyrosine hydroxylase activity and the con centrations and turnovers of NE and DA in regions containing predominantly noradrenergic or dopaminergic terminals. Our results also showed an intimate relationship between the CA content and enzyme activity, since decreases in NE and DA in fetal brain in the 0% casein group were associated with both regional and total decreases in tyrosine hydroxylase activity.
As mentioned above, in the 6% casein group, the level of brain CAs was as high as in the controls although the tyrosine concentration was low, while conversely in the 0% casein group, the level of brain CAs was lower than in the controls, although the free tyrosine concentration was comparable to that of controls. These findings indicate that the brain CA content is primarily regulated by the synthetic mechanism and secondarily by the availability of precursor. This is consistent with the statement of FERNSTROM (23) that the rate of CA synthesis appeared to be influenced less than that of 5-HT synthesis by the precursor level.
Although the brain CA content was used as a parameter of maturation of aminergic neurons, it does not show whether the decrease in CAs in pups in the 0% casein group was due to a decrease in the number of aminergic axon terminals. This problem must be resolved by biochemical investigations, including determination of the activities of enzymes involved in CA synthesis, the CA contents of synaptosomes and the turnover rates of CAs, as well as by morphological examination.
